Metal complexes of malonie acid (metal Mn(II), Co(II), Ni(II), Cu(II), Zn(II), Ag(I)) were prepared and only the Ag(I) complex inhibited the growth of Candida albicans. Malonate complexes incorporating the chelating 1,10-phenanthroline (1,10-phen) ligand showed a range of activities: good (Mn(II), Cu(lI), Ag(I)); moderate (Zn(II)); poor (Co(II), Ni(II)). Metal-free 1,10-phen and Ag(CH3CO2) were also highly active. The metal-free non-chelating ligands 1,7-phenanthroline and 4,7-phenanthroline were inactive and the Cu(II), Mn(II) and Zn(II) complexs of 1,7-phen displayed only marginal activity. Whereas the Cu(II) malonate/1,10-phen complex induces significant cellular oxidative stress the Zn(II) analogue does not.
Introduction
1,10-Phenanthroline (1,10-phen), 2,2'-bipyridine (2,2'-bipy) ( Fig. 1) and their substituted derivatives, both in the metal-free state and as ligands coordinated to transition metals, disturb the functioning of a wide variety of biological systems. When the metal-free N,N-chelating bases are found to be bioactive it is usually assumed that the sequestering of trace metals is involved, and that the resulting metal complexes are the actual active species. 4 Administering the metal-free bases is known to affect succinic oxidase, triphosphopyridine nucleotide nitrate reductase, zymase 6 and also catalyse the autoxidation of linoleic acid. '2 Whereas the oxygen uptake of green leaves 3 and the endogeneous respiration of anabaema 14 are inhibited by the bases, both 1,10-phen and 2,2'-bipy accelerate the oxygen consumption of homogenised brain brei. Highly potent anthelmintic action has been observed with both bases. 5 Furthermore, a solution of 10-phen suppresses the chemotactic power of"guinea pig" leucocytes without destroying the cells. 6' The in vitro antibacterial action of 1,10-phen has been demonstrated on several species of 2O 3172 bacteria.' Whereas phenanthroline metal complexes can be bacteriostatic and bacteriocidal towards many Gram-positive bacteria they are relatively ineffective against Gram-negative organisms. Similar reactivity trends against Gram-positive and Gram-negative bacteria were found for Cu(II) and Fe(II/III) complexes of oxine. 2 Whereas m-and p-substituted phenanthrolines were less effective than 1,10-phen at preventing fungal growth, 2,9-dimethyl-l,10-phenanthroline (dmphen) was the most potent Insights into the Mode of Action of the Anti-Candida Activity of 1,10-Phenanathroline and its Metal Chelates inhibitor. 22 Recent in vitro studies have shown that although 2,2'-bipy and its metal complexes did not suppress the growth of clinical isolates of Candida species dilute aqueous solutions of 10-phen and its Cu(II) and Mn(II) complexes were extremely toxic to the cells. 3'24 Metal complexes of phenanthroline and bipyridine are toxic to mice and rats 25 Very small amo intraperitoneally, intravenously or subcutaneously, but even large oral doses did not cause death. Absorption through the ntestine was slow (this has also been observed on humans33) and, owing to rapid elimination through the kidney, it was not possible to build up the lethal concentration in the blood. The symptoms caused by the complexes, i.e., torpor, tremor, paralysis of the limbs, chronic convulsions, an unaffected heart, and death due to respiratory failure, indicated an attack on the central nervous system. These conclusions were supported by findings that the complexes are potent inhibitors of acetylcholinesterase and that they have a curare-like action on neuromuscular transmission. Normal activity was restored by washing out the complexes. (1) were prepared from Ni(CH3COz)z.4H20 and Ag(CH3CO2) and using water as the reaction solvent.
[Mn(l,10-phen)z(mal)].2xO (2) . [Mn(l,10-phen)zl(CH3CO).4H,zO (8 [Cu(l,10-phen)(CH3CO2)2l.H20 (9) and [Zn(1,10-phen)(CH3CO2)21.2H20 (10) [Cu(l,10-phen)Cl2].H20 (12) and [Zn(l,10-phen)Cl2].H20 (13) were made in a similar manner to 11 using CuCI:.2H20 and ZnC12, respectively.
[Mn(1,7-phen)2(CH3CO23)2 (14) . To a solution of 1,7-phenanthroline (1,7-phen) (0.5 g, 2.8 mmol) in ethanol (40 cm was added Mn(CH3CO2)e.4H20 (0.15 g 0.61 mmol) and th resulting yellow solution was refluxed for h The solution was then evaporated down to 5 cm by rotary eva3Poration, and then acetone (20 cm was added. The resulting solution was then evaporated to 3 cm and diethyl ether (7 cm added. This solution was allowed to evaporate in air over a period of 24 h and the resulting brown crystals were filtered off, washed with diethyl ether and ethanol, and then air-dried.
[Cu(l,7-phen)(CH3CO2)2].2H20 (15) 10 1) and total glutathione content (GSH + GSSG) was estimated spectrophotometrically (_ 412 nm) by comparison to the rate of reduction with known amounts of DTNB.
GSH content alone was determined using the same procedure as that described above for total glutathione with the exception that 2-vinyl-pyridine (10 gl) was added prior to the addition of the glutathione reductase.
Results and Discussion
At a concentration of 20 gg cm 3 malonic acid has previously been reported to have negligible inhibitory effect on C. albicans. 23 In addition, the present study has shown that the simple metal malonates (metal Mn(II), Co(II), Ni(II), Cu(II), Zn(II)) and Ni(CH3CO2)2.4H20 also have negligible activity against the yeast.
MIC values were determined for metal-free 1,10-phen, Ag(CH3CO2), [Ag2(mal)] (1) and the metal-l,10-phen complexes 2-7 on the growth of C. albicans (Table 1) MIC values inc, reased progressively for the Zn(II) 1,10-phen complex 6 and the Ag(I) malonate 1 (>5 g cm), and substantially higher MIC values (>20 gg cm) were found for the Co(II) and Ni(II) 1,10-phen complexes (3 and 5, respectively). Results for the three Ag(I) complexes indicate that it is the Ag + ion itself that is the active species and that neither the presence of 1,10-phen or the nature of the carboxylate anion are contributory factors in determining activity. Table 1 . MIC of 1,10-phen, metal-l,10-phen complexes and selected starting materials on C. It is significant that Ag(CH3CO2) is the only complex not to contain 1,10-phenanthroline but to exhibit activity similar to that of metal-free 1,10-phen and other metal complexes containing the 1,10-phen ligand. Previous studies have shown that the MIC values of simple metal acetates (metal Mn(II), Cu(II) and Co(II)) 44 is >20 gg cm-3. In addition, by studying the anti-Candida activity of a series of complexes (concentration 20 gg cm"3) of general formula [M(1,10-phen)n]Xy (M Mn(II), Cu(II), Zn(II); X malonate, acetate, chloride) it was established that the nature of the counter anion X does not influence the inhibitory effect (Table 2) .
In contrast to the performance of the highly active metal-free 1,10-phen ligand metal-free 1,7-and 4,7-phenanthroline (Fig. 2) were both inactive and, furthermore, Cu(II), Mn(II) and Zn(II) complexs of 1,7-phen displayed only marginal activity (Table 2) . Although all of the phenanthroline isomers can coordinate to metal centres 1,10-phen is the only ligand capable of actually chelating the metal and forming an extremely stable metal-phen entity in solution. These observations would appear to substantiate the hypothesis that the bioactivity of N,N-chelating bases is attributed to their ability to sequester specific transition metals and that it is the resulting metal chelate complex that are the active species. Table 2 .
Anti The kinetic growth profile of the yeast when it was exposed to sub-inhibitory concentration of [Mn(1,10-phen)2(mal)].2H20 (2) (0.156 l.tg cm"3) is shown in Fig. 3 48 The inability of the metal centers in the present Ni(II) and Zn(II) 1,10-phen complexes to redox-cycle would render them incapable of assuming the role of a Fenton reagent. Although the tris(1,10-phen)Co(II) complex (3) would be expected to have a readily accessible and reversible Co(III) oxidation state the metal is coordinatively saturated with respect to 1,10-phen and the complex is thus likely to be extremely kinetically inert.
The consistently high activity displayed by the three different Ag(I) complexes, Ag(CH3CO2), [Ag2(mal)] (1) and [Ag2(1,10-phen)3(mal)].2H20 (7) , indicates that in these instances it is the metal center and not the ligands that dictates complex performance. As Ag(I) is renowned for its ability to bind strongly to S-donor ligands 25 it is likely that the silver complexes will have a high affinity for the sulphur atoms of thiol proteins and may, ultimately, induce protein inactivation.
